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Figure 1. Flow Cytometric Analysis of Wild-Type and STAT5a/b Mutant Mice
(A) Thymic and splenic lymphocytes were obtained from individual 5-week-old Stat5a/b wild-type and mutant mice and stained with FITCconjugated RM-4-4 MAb to CD4 and PE-conjugated 53-6.7.2 MAb to CD8. (B) Spleen cells were also stained with FITC-conjugated 11-26c.2a MAb to mouse IgD and PE-conjugated goat anti-mouse IgM. The stained cells were then analyzed on a Becton-Dickinson FACScan in two-color mode using CellQuest software. (C) Splenic T cells from 6-week-old Stat5a/b wild-type and mutant mice were stained with the PE-conjugated anti-CD4 (RM-4-4) or anti-CD8 (53-6.7.2) and counterstained with MAb FITC-IM7 to CD44 and biotinylated MAb MEL-14 to CD62L. The biotinylated antibody was then developed with streptavidin-red-670. The cells were analyzed in three-color mode. A gate was set on CD4 ϩ and CD8 ϩ cells and the expression of the activation markers assessed. T cells with an activated/memory phenotype are CD44 high and CD62L low and naive T cells are CD44 low and CD62L high . (D) Spleen cells were stained with PE-conjugated 2B4 MAb for NK cells and FITC-conjugated RB6-8C5 MAb to the mouse granulocyte/ neutrophil marker Ly6G/Gr-1.
Results
and the distribution of single-and double-positive T cells were also comparable to normal mice. In the periphery, the numbers of B cells were unaffected and Normal Development of the Lymphoid both CD4 and CD8 single-positive T cells were present.
Lineages in Stat5A/B Mutant Mice
However, in the Stat5a/b mutant mice there were de-To assess the contributions of Stat5a, Stat5b, or the tectable changes in the T cell populations relative to two proteins in a redundant way to normal lymphoid controls or to Stat5a or Stat5b mutant mice. For examdevelopment, a number of parameters were examined ple, there was a decrease in CD8 single-positive cells in 3-to 5-week-old mice. With regard to gross anatomy relative to CD4 single-positive cells ( Figure 1A) with time of lymphoid organs, there were no apparent defects in and, also with time, a decrease in the total number of any of the mutants. The size and cellularity of the thymi peripheral T cells. We also detected an increase over and spleens from young mice were comparable among time in the expression of the activation antigen, CD44, all the mutant mice and similar to those observed in on CD4 ϩ and CD8 ϩ lymphocytes, and a decrease in control wild-type mice. However, as noted below, a fracthe percentage of T cells expressing L-selectin (CD62L) tion of the Stat5a/b mutant mice develop splenomegaly with age. Serum immunoglobulin levels were normal, ( Figure 1C ). In addition, peripheral T cells were larger and had the morphology of activated T cells (data not both with regard to the concentrations and representation of the various isotypes (data not shown). As indi-shown). There was also an absence of NK cells ( Figure  1D ) and, consistent with this, there was no detectable cated in Figures 1A and 1B , the phenotypic properties and, unexpectedly, expression was primarily localized to the medullary regions of the thymus. This pattern of expression was also seen in the Stat5a and Stat5b mutant mice (data not shown). However, CIS expression was not detected in the thymus of a Stat5a/b mutant mouse (Figure 2) . Thus, either Stat5a or Stat5b is required for the expression of CIS during T cell differentiation in the thymus, but, importantly, no additional pathways exist that are capable of inducing CIS expression in medullary thymocytes.
Inability of Peripheral T Cells from Stat5-Deficient Mice to Proliferate in Response to Anti-CD3 and IL-2
To assess the functionality of peripheral T cells, proliferation assays and cell cycle analysis were employed. Splenic lymphocytes were stimulated with anti-CD3 at various concentrations or with a limiting amount of anti-CD3 in the presence of varying concentrations of IL-2. As illustrated in Figure 3A , increasing concentrations of anti-CD3 induced the proliferation of splenic lymphocytes from wild-type mice as well as with lymphocytes from Stat5a-or Stat5b-deficient mice. However, there was a dramatically reduced proliferative response with cells from mice lacking both Stat5a and Stat5b at all of the anti-CD3 concentrations examined. In addition, splenic lymphocytes from Stat5a/b, but not Stat5a or Stat5b, mutant mice failed to significantly respond to increasing concentrations of IL-2 in the presence of anti- data, cell cycle analysis of Thy1.2 purified T cells demonstrated an inability of Stat5a/b-deficient cells to enter the cell cycle and accumulate S/G2 phase cells following in vitro NK cytotoxic activity in the presence or absence of IL-12 or IL-15 (data not shown). Importantly, this phe-stimulation with anti-CD3 and anti-CD28 in the presence of IL-2 ( Figure 3C ). notype is similar to that observed in mice lacking the IL-2 receptor ␣ chain (Willerford et al., 1995) or the IL-2
In addition to the response to anti-CD3 and IL-2, there was no proliferation in the response of Stat5a/b mutant T receptor ␤ chain (Suzuki et al., 1995) . The results were consistent with the hypothesis that the Stat5 proteins cells to ConA or to a combination of PMA and ionomycin (data not shown). There was also a comparable reduc-are not required for the normal differentiation of the lymphoid lineages but may be required for peripheral T tion in the response of Stat5a/b mutant cells to a combination of anti-CD3, anti-CD28, and increasing concen-cell functions.
trations of IL-2 (data not shown). The results suggest that the Stat5 proteins are essential for T cell prolifera-Stat5a, or Stat5b, Is Required for CIS Expression in Thymocytes tion although Stat5a and Stat5b can fulfill this requirement in a completely redundant manner.
The absence of any effect on lymphoid numbers or thymocyte differentiation might suggest that another Stat
We also examined the proliferative response of B cells. In these experiments, spleen cells were stimulated protein, or another signaling pathway, could function redundantly to the Stat5 proteins in thymocyte develop-with either LPS or anti-IgM, with or without IL-4, and thymidine incorporation was assessed after 3 days in ment. We explored this possibility by examining the expression of a Stat5 regulated gene in the thymus. Pre-culture. In contrast to the results obtained with T cells, there were no detectable differences between any of vious studies have shown that the cytokine-induced SH2-containing gene (CIS) is transcriptionally regulated the mutant and wild-type control mice (data not shown). Therefore, the Stat5 proteins are not required for B cell by the Stat5 proteins (Yoshimura et al., 1995) . As illustrated in Figure 2 , CIS expression was readily detected differentiation or function in a nonredundant manner to other signaling pathways. by in situ hybridization in the thymus of wild-type mice Figure 4B ). Therefore, a transcriptionally active Stat5 dimer is essential for the genes were affected that are responsible for the T cell phenotype. To distinguish among these possibilities, we proliferative response of peripheral T cells. assessed the ability to rescue T cell function by introducing Stat5 into lymphocytes with a retroviral vector.
T Cell Receptor Activation of CD25 and Cytokine Production Are Unaffected by the Absence Splenic lymphocytes from wild-type or mutant mice were incubated for 2 days in the presence of anti-CD3 of Stat5 Proteins The activation of peripheral T cells and cell cycle pro-and IL-2 with a cell line producing a retroviral vector expressing wild-type Stat5a. As a control, lymphocytes gression requires signals derived from both the T cell receptor and the IL-2 receptor. Engagement of the T were also incubated with a Stat5a that was inactivated by mutation of the tyrosine (Y 693 ) required for phospho-cell receptor is required for the increased expression of the IL-2 receptor ␣ chain (CD25) and the formation of a tyrosine-mediated dimer formation. Both viruses contained the green fluorescent protein (GFP) gene as a high-affinity IL-2 receptor. As illustrated in Figure 5A , the ability of anti-CD3 to induce the expression of the marker. Following initial activation and infection, the cells were incubated for 7-10 days and analyzed for cell IL-2 receptor ␣ chain on CD4 ϩ or on CD8 ϩ (data not shown) lymphocytes was comparable between wild-markers and proliferation (Figure 4 ). After 7-10 days, cultures of lymphocytes from Stat5a/b-deficient mice type and Stat5a/b mutant lymphocytes. In addition, the expression of the IL-2 receptor ␤ chain and the common exposed to the control virus, or the mutant-Stat5a(Y 693 F)expressing virus contained few cells (data not shown).
␥ c chain were not altered in any of the mutant mice (data not shown). The induction of Fas ligand expression, However, the cultures exposed to the Stat5a-expressing vector had increased cell numbers that were similar to which relies on IL-2 signaling (Refaeli et al., 1998), was also not altered in lymphocytes from Stat5a/b mutant the numbers seen in cultures of wild-type lymphocytes. Staining of lymphocytes from wild-type mice for the mice (data not shown). Figure 4A, left panel) . In contrast, activates signaling pathways that control the production of cytokines. As shown in Figure 5B , peripheral lympho-approximately 82% of the lymphocytes from cultures of Stat5a/b-deficient peripheral T cells expressed GFP cytes from both wild-type and Stat5a/b mutant mice were capable of producing cytokines in response to ( Figure 4A ). Among the cells, approximately 90% expressed CD8, while 10% were CD4 positive, comparable anti-CD3. However, the Stat5a/b-deficient lymphocytes 1995), which are required for G1 cell cycle progression. As shown in Figure 6A , cyclin D2, cyclin D3, cyclin A, However, the expresssion of CD25 on lymphocytes from Stat5a/b-deficient mice was not maintained in the pres-and Cdk6 were induced in splenic T cells from wildtype mice by treatment with anti-CD3 in the presence ence of IL-2 consistent with a role for the Stat5 proteins, redundantly, in CD25 expression at this stage of lympho-or absence of exogenously added IL-2. In addition, the levels of cyclin E increased following stimulation of wild-cyte differentiation.
Engagement of the T cell receptor on CD4 ϩ T cells expression of GFP indicated that relatively few of the cells were infected (
The expression of CD25 also occurs during early type cells. Similarly, the ability to induce the expression of cyclin D2, cyclin D3, cyclin A, and Cdk6 was unaltered lymphoid differentiation, during a phase of development in which expansion of the lymphoid progenitors is de-in peripheral lymphocytes from Stat5a or Stat5b mutant mice ( Figure 6B) . However, the induction of these pro-pendent upon IL-7. The ability of IL-7 to activate Stat5 suggested the possibility that at this stage of lympho-teins did not occur in lymphocytes from Stat5a/b mutant mice following stimulation with anti-CD3 alone or in the cyte development, CD25 expression may also require Stat5. However, normal numbers of CD25 ϩ double-neg-presence of exogenously added IL-2 ( Figure 6A) . In addition, the increases in cyclin E levels seen in wild-type ative thymocytes were present in thymi from Stat5a/bdeficient mice (data not shown).
cells were not observed in the Stat5a/b-deficient cells. In contrast, the expression of cdk4 and cdk2 were not Ter119 positive cells, a marker for early erythroid lineage cells ( Figure 7E) . Consistent with the histological data, dependent upon Stat5. colony assays revealed a dramatic increase in Epo responsive colonies.
Stat5a/b Mutant Mice Develop Splenomegaly with Age The Stat5a/b mutant mice, but not the Stat5a or Stat5b
Discussion mutant mice, were also observed to develop splenomegaly with age. As indicated in Figure 7A, approxi- The results demonstrate an unexpected and remarkably specific requirement for the Stat5 proteins in cell cycle mately one fourth of the mice had spleens that were 4-to 10-fold larger than normal at 4-5 weeks of age and progression of peripheral T cells in response to T cell receptor ligation and IL-2 receptor activation. Moreover, this increased to approximately half of the mice at 10-12 weeks of age. Histologically, the structure of the en-the lack of any phenotype in the Stat5a or Stat5b mutant
T cells demonstrate that either protein can function re-larged spleens was detectably altered as illustrated by a comparison of a spleen from a wild-type animal (C) dundantly in supporting peripheral T cell proliferation. A role for the Stat5 proteins in T cell proliferation was and a spleen from a Stat5a/b mutant animal with splenomegaly (D). The altered size and morphology was char-unexpected based on the existing literature. In particular, the activation of Stat5 by the IL-2 receptor was acterized as a hyperplasia of the red pulp with extensive extramedullary hematopoiesis. This increase included
shown to require the carboxy-terminal sequences of the ␤ chain, a region that is not required for a proliferative the granulocytic and megakaryocytic lineages, but the erythroid elements were particularly numerous. To fur-signal in a myeloid cell line (Fujii et al., 1995) . More recently, it was concluded that Stat5 was involved in ther examine the lineages of cells contributing to the splenomegaly, FACS analysis and colony assays were IL-2-mediated protection from apoptosis but was not involved in cell cycle progression ( 
the decreased proliferation of peripheral T cells. As demonstrated here, the profound inability of peripheral T cells from Stat5a/b-deficient mice to proliferate cannot A potential role for Stat5 activation by the IL-2 receptor
be rescued by concentrations of IL-2 that would bypass has also been examined by deriving transgenic lines of the requirement for ␣ chain expression. Whether the mice expressing mutant receptors on the IL-2 receptor decreased proliferation reported by Nakajima et al. ␤ chain-deficient background (Fujii et al., 1998) . Trans-(1997a) is due to a decrease in ␣ chain expression or is genic lines lacking the membrane distal region of the due to a decrease in the levels of Stat5 to a point that receptor, which has been implicated in Stat5 activation it becomes limiting is an unanswered question. as well as the activation of other signaling pathways, /bet al., 1998) . Consistent with the results presented, we deficient mice, it must be concluded that some degree have observed little, if any, activation of Stat3 in reof activation of Stat5 proteins was occurring in the mice sponse to IL-2 although Stat3 is strongly activated by expressing the truncated receptor either through the IL-6. It should also be noted that the levels of Stat3 mutated ␤ chain or through another receptor-associated are only slightly reduced in Stat5a/Stat5b-deficient mice protein. In this regard, it should be mentioned that the (Teglund et al., 1998) . The low proliferative response of lack of Stat5 activation in Jak3-deficient T cells preperipheral T cells to IL-6, in combination with anti-CD3, cludes a contribution to Stat5 activation by the T cell has precluded us from determining whether this rereceptor complex (our unpublished data). sponse is also affected in Stat5a/Stat5b-deficient mice. Because of the unexpected nature of the defect, we Irrespective, Takeda et al. (1998) concluded that Stat3 considered the possibility that the absence of one or was only required for prevention of apoptosis through both Stat5 proteins might influence differentiation rather a Bcl-2 independent pathway. Therefore, it is likely that than peripheral T cell function directly. Even more indi-Stat3 functions are quite distinct from those of the Stat5 proteins in peripheral T cells. rectly, as with any gene disruption, it was possible that The lymphoid lineage phenotypes displayed by the elevated IgG 1 and IgE and the development of autoimmune antibodies. It is possible that the differences are Stat5a/b-deficient mice have many similarities with those of mice in which the IL-2 receptor ␤ chain is dis-related to the expression of the IL-2 receptor on non-T cells, including B cells, which do not require the activa-rupted (Suzuki et al., 1995) . Similar to the ␤ chain mutant mice, thymocyte development was normal. The two mu-tion of the Stat5 proteins for their functional responses. Like the peripheral T cells from the IL-2 receptor ␤ tant strains are also similar in the profound effect of the mutations on the response of T cells, including the chain-deficient mice, Stat5a/b mutant mice increasingly with age have phenotypically activated T cells. Interest-responses to PMA and ionomycin that would have been predicted to bypass the IL-2 receptor pathway. Also ingly, this phenotype has been observed in a number of conditions of immunodeficiency including that asso-similar to the ␤ chain mutants, the Stat5a/b mutant mice develop a myeloproliferative disease, although the IL-2 ciated with the absence of Jak3 (Saijo et al., 1997) , the IL-2 receptor common ␥ chain (Nakajima et al., 1997b) , receptor ␤ chain mutants were reported to have a predominance of the granulocytic lineage. Also similar to and the IL-2 receptor ␣ chain (Willerford et al., 1995) , as well as the IL-2 receptor ␤ chain as mentioned above. the IL-2 receptor ␤ mutants, NK cells are not present (Suzuki et al., 1997) . However, the two mutants differ in The similarity would suggest that the Stat5 proteins play an essential role in IL-2-mediated negative selection of the absence of the B cell defects in Stat5a/b mutant mice that are found in the ␤ chain mutants. These included autoreactive T cells.
Recent studies have also examined the role of Stat3 have a subtle phenotype that includes a lack of NK cells, activation in T cell functions through the generation of ␥␦ T cells, and a reduced proliferation at low concentramice that lack Stat3 in the lymphoid lineages (Takeda tions of IL-2. Based on the phenotype of the Stat5a

In Situ Hybridization
Our results demonstrate that genes that have been For in situ hybridization, thymi were fixed with 4% paraformaldehyde implicated in cell cycle progression are regulated by the (Sigma), and 6 m sections were prepared from frozen tissue sam-Stat5 proteins in the response to IL-2. Previous studies ples. In situ hybridization was carried out essentially as described demonstrated that cyclin D2 and D3, but not D1, were (Angerer and Angerer, 1992) lysis buffer (pH 7.3) containing 150 mM NH 4 Cl, 1 mM KHCO 3 , and 0.1 mM Na 2 EDTA at 10 6 cells/ml. Lysis was stopped by adding an 10 5 per well in 100 l. Stimuli were added as indicated at a range of concentrations to assess dose dependency. The stimuli were excess (4ϫ) of T cell media and centrifugation, followed by three subsequent wash and centrifugation steps with T cell culture media.
anti-CD3 (145.2C11), anti-CD28 (37.51) (both antibodies from Pharmingen, San Diego, CA), recombinant human IL-2 (Chiron, Em-The splenic cells were resuspended at 10 6 cells/ml culture media. T cell receptor activation after CD3 ligation was induced by addition eryville, CA), and recombinant murine IL-4 (R&D Systems, Minneapolis, MN). Proliferation was assessed by measuring radioactivity of the monoclonal antibody 145.2C11 (Pharmingen) into the culture media (1 g/ml culture media) if not detailed differently. Recombi-using a Matrix 9600 beta counter (Packard, Meriden CT) 18 hr after adding 1 Ci/well 3 H-thymidine (Amersham Life Sciences, Arlington nant human IL-2 (Boehringer Mannheim) was added at 100 units/ ml medium if not stated otherwise.
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